Introduction
============

Low bone density and insufficient bone volume are common conditions of edentulous posterior maxillae.[@B1][@B2][@B3][@B4] For this reason, dental implant placement in such cases may require an additional grafting procedure.[@B5][@B6][@B7] In this context, sinus floor grafting using the lateral window approach following virtual 3-dimensional (3D) planning is a predictable way to achieve sufficient bone volume for dental implant therapy.[@B8][@B9]

Preoperative virtual planning using cone-beam computed tomography (CBCT) with dedicated software has been considered useful to obtain predictable outcomes for posterior implant placement.[@B10][@B11] However, despite studies demonstrating that the doses of ionizing radiation associated with CBCT are significantly lower than those associated with computed tomography, X-ray doses still pose risks for patients and should be avoided or minimized as much as possible according to the "as low as reasonably achievable" (ALARA) radiation guidelines.[@B12][@B13]

While CBCT is the most common imaging method for surgical planning, magnetic resonance imaging (MRI) has been used in several fields of dentistry, offering enhanced soft tissue imaging resolution without exposing the patient to ionizing radiation.[@B14][@B15][@B16][@B17][@B18][@B19][@B20] Despite recent evidence that MRI is useful for surgical planning and assessment of the alveolar bone,[@B15][@B18][@B20] little is known regarding the accuracy of clinical MRI protocols in assessing sinus grafted areas for implant planning.[@B14][@B15][@B16][@B17][@B18][@B19][@B20][@B21]

Thus, the aim of this study was to correlate linear measurements of maxillary sinus grafts made with MRI and CBCT, using MRI protocols with pulse sequence parameters and scanning times acceptable for patients.

Materials and Methods
=====================

The present study was approved by the ethics committee of the University of São Paulo (Comitê de Ética em Pesquisa, protocol no. 82404018.0.0000.0075). All subjects signed an informed consent form. This investigation was conducted according to the principles of the Declaration of Helsinki.

Inclusion and exclusion criteria
--------------------------------

This retrospective study was conducted with 15 patients who had undergone unilateral sinus floor augmentation. In all cases, an initial CBCT scan was taken for use in planning sinus lift surgery. In this scan, the presence of anatomical features such as sinus septa, the thickness of the lateral plate and the sinus membrane, and the buccolingual, anteroposterior, and inferosuperior sinus dimensions were assessed to plan the area to be grafted. The condition and 3D dimensions of the remaining native alveolar bone were also assessed. Then, 6 months after sinus lift surgery, all patients underwent T1- and T2-weighted MRI as well as another maxillary CBCT scan. Exclusion criteria included a history of bone metabolic diseases such as osteoporosis or of other grafting procedures.

MRI acquisition
---------------

All facial MRI scans were acquired with a 1.5-T MRI scanner (Aera; Siemens, Erlangen, Germany) using a head coil for the purpose of evaluating response to treatment. Two pulse sequences with fields of view of 199 mm×199 mm and matrices of 448×896 were used: a spin-echo T1-weighted sequence with a coronal orientation (repetition time, 402 ms; echo time, 10 ms; number of averages, 2; bandwidth, 190; and slice thickness, 4 mm) and a spin-echo T2-weighted sequence with a coronal orientation (repetition time, 4100 ms; echo time, 76 ms; number of averages, 2; bandwidth, 260; and slice thickness, 4 mm).

CBCT acquisition
----------------

CBCT scans (preoperative and 6 months after sinus lift surgery) of all patients were taken using the same CBCT device (Orthophos® XG3D; Sirona Dental Systems GmbH, Bensheim, Germany) with a specific protocol for dental implants (field of view, 8 cm×8 cm to include the full extension of both the maxillary sinuses and the maxillary dental arch; voxel size, 0.16 mm, peak kilovoltage, 90 kVp, current, 3 to 8 mA).

Data analysis
-------------

Digital Imaging and Communication in Medicine (DICOM) files from all CBCT and MRI scans were analyzed with imaging software (OsiriX® version 3.9.4; Pixmeo, Geneva, Switzerland). Since this study was intended to address the clinical relevance and usefulness of MRI as an independent tool for measuring sinus grafted areas, anatomical landmarks were not used as references to ensure similarity between coronal MRI and CBCT slices. Instead, the coronal slices containing the greatest height and width of the sinus graft, as well as the sagittal slice containing the greatest depth of the sinus graft, were identified and used for all measurements for both CBCT and MRI scans. As such, all coronal CBCT images were paired with the corresponding coronal MRI slices (for instance, those containing the greatest graft height) from the same patient, which were selected during implant planning. Then, the maximum graft height (standardized as the distance between the lowest point of the sinus cortical floor and the highest graft point available in the selected DICOM images) and the maximum graft width (standardized as the distance between the most lingual graft point and the most buccal graft point available in the selected DICOM images) were measured for all coronal MRI and CBCT scans using the software\'s linear measurement tool. Similarly, the greatest anteroposterior depth of the sinus graft (standardized as the distance between the most anterior graft point and the most posterior graft point available in the selected DICOM images) was measured for paired sagittal MRI and CBCT images. All measurements were performed by 2 trained observers and recorded in millimeters. Two sets of observations were performed by each observer 2 weeks apart to avoid memory bias. All images were assessed in a quiet, dimly-lit room.

Micro-computed tomographic analysis
-----------------------------------

Fragments of bone grafts of 10 representative cases were retrieved from the implant site using a CBCT surgical guide less than 1 week after the imaging scans were taken. For this purpose, a 3-mm-diameter trephine was used to retrieve the 6-mm-long bone fragment at the time of implant placement using a trephine bur (3-mm internal diameter) to prepare the implant site. A 3D-printed surgical guide was used to ensure that the bone fragment would be retrieved from the same point at the alveolar crest and along the same angle established during virtual implant planning. The fragment remained in the trephine after implant installation and was scanned with micro-computed tomography (micro-CT) (SkyScan1172®; SkyScan, Kontich, Belgium). The parameters used were 100 kV and 100 µA, a spatial resolution of 6.0 µm, and a 0.5-mm Al filter. The time exposure per frame was 450 ms. X-ray images were reconstructed with Nrecon® software (Sky-Scan), after which they were analyzed for bone volume fraction (bone volume per total volume \[BV/TV\]).

Statistical analysis
--------------------

The sample size required to detect a minimum correlation of 0.7 and a statistical power of 80% with a significance level of 5% was calculated. Normality was assessed using the Shapiro-Wilk test. The levels of intraobserver and interobserver agreement were calculated using the intraclass correlation coefficient (ICC). The mean differences between the CBCT and T1-weighted MRI measurements, as well as between the CBCT and T2-weighted MRI measurements, were assessed with the Student t-test. Correlations between MRI, CBCT, and micro-CT measurements were assessed using the Pearson test. All analyses were performed using SPSS Statistics 17 software (SPSS Inc., Chicago, IL, USA). A *P*-value less than 0.05 was considered to indicate statistical significance.

Results
=======

Descriptive statistics are available in [Table 1](#T1){ref-type="table"}. A sample of 15 patients (10 women and 5 men; mean age, 58.93±7.47 years), totalling 30 sinus graft coronal images (15 MRI and 15 CBCT images, 1 of each per patient), was included in this study ([Table 1](#T1){ref-type="table"}). A normal distribution was confirmed for all continuous variables (*P*\>0.05). High levels of intraobserver and interobserver agreement were found for both MRI and CBCT (ICC ranging from 0.83 to 0.87, *P*\<0.05). No significant mean differences between CBCT and T1-weighted MRI or between CBCT and T2-weighted MRI were found for the height, width, or depth measurements (*P*\>0.05). In addition, strong direct, significant correlations between CBCT and MRI were found for sinus graft height (T1-weighted, r=0.711 and *P*\<0.05; T2-weighted, r=0.713 and *P*=0.004; [Fig. 1](#F1){ref-type="fig"}), buccolingual width (T1-weighted, r=0.892 and *P*\<0.05; T2-weighted, r=0.956 and *P*\<0.05, [Fig. 2](#F2){ref-type="fig"}), and anteroposterior depth (T1-weighted, r=0.731, *P*\<0.05; T2-weighted, r=0.873 and *P*\<0.05). Furthermore, very strong correlations were found between T1- and T2-weighted MRI for graft height (r=0.981, *P*\<0.05), buccolingual width (r=0.948, *P*\<0.05), and anteroposterior depth (r=0.778, *P*\<0.05). Micro-CT analyses revealed a high mean percentage of bone tissue (mean BV/TV, 65.44%±8.71%) present in the bone fragments ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), indicating that all imaging measurements in this study were performed on areas with original and newly formed bone tissue. However, significant correlations were not found between micro-CT BV/TV and MRI linear measurements (*P*\>0.05) or between micro-CT BV/TV and CBCT linear measurements (*P*\>0.05).

Discussion
==========

Imaging and structural findings of alveolar bone have been correlated with bone grafts and dental implant outcomes [@B22][@B23] as well as with systemic bone findings.[@B24] Along similar lines, prior to sinus lift procedures, diagnostic imaging is generally required for obtaining detailed information regarding the anatomy of the maxillary sinus for surgical planning, as well as for postoperative evaluation. In this context, CBCT has been commonly used, both to obtain linear measurements of the implant site and to assess pixel values proportional to the bone density of the sinus grafting areas.[@B25] In contrast, non-ionizing MRI has also been suggested as a promising method to assess the maxillary sinuses for graft planning and follow-up. The goal of this study was to address the potential of MRI as an independent tool for performing maxillary sinus graft measurements. Thus, we assessed mean differences and correlations between CBCT and MRI images using 2 of the most common clinical MRI pulse sequences: spin-echo T1- and T2-weighted imaging.

The present results support a previous study that also used both T1- and T2-weighted MRI for sinus lift assessment.[@B18] However, that study lacked any comparison with the CBCT images commonly used today. Furthermore, different pulse sequences were used. Therefore, our study is the first to find strong correlations between CBCT and MRI using both T1- and T2-weighted pulse sequences with scan times acceptable for patients. In addition, we also found a very strong correlation between T1- and T2-weighted images for maxillary sinus graft measurements. These results can be explained by the concentration of hydrogen atoms and related molecules within the healed graft, in which new bone formation had occurred. Although fat tissue from bone marrow appears hyperintense on T1-weighted images,[@B20] fluid incorporation during sinus graft packing appears hyperintense on T2-weighted images. This explains why the correlations between T2-weighted MRI and CBCT presented herein were slightly stronger than those between T1-weighted MRI and CBCT.

In this study, only spin-echo MRI pulse sequences were used. In accordance with the observed strong correlation between MRI and CBCT, spin-echo sequences have been previously described to generally minimize MRI signal losses due to artefacts from dental materials relative to gradient-echo sequences.[@B21] However, our favourable results contrast with other studies positing that spin-echo pulse sequences may lead to geometric distortion.[@B26] The limitations of the present study include the low number of cases with micro-CT results, which could impact the statistical data involving morphometric micro-CT measurements. Similarly, other common MRI pulse sequences, such as gradient echo, could not be assessed in this study. Future prospective studies are recommended to address the influence of different pulse sequences and magnetic field strengths (e.g. using 3-T or 7-T MRI scanners) on the correlations presented herein.

In conclusion, within the limitations of this study, the present findings suggest that both clinical MRI T1- and T2-weighted pulse sequences can be used for sinus graft measurements, as strong correlations with CBCT measurements were found. However, the observed correlations between T2-weighted MRI and CBCT were slightly higher than those between T1-weighted MRI and CBCT.
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![Correlation between measurements made using magnetic resonance imaging (MRI) and cone-beam computed tomography (CBCT). In this case, the same measured value is obtained using all 3 methods. A. T1-weighted MRI. B. T2-weighted MRI. C. CBCT image.](isd-50-93-g001){#F1}

![Pearson correlation test result. A. Scatter dot graph shows a strong direct significant correlation between measurements made using cone-beam computed tomography (CBCT) and T1-weighted magnetic resonance image (MRI). B. Scatter dot graph shows a strong direct significant correlation between measurements made using CBCT and T2-weighted MRI.](isd-50-93-g002){#F2}

![Micro-computed tomographic 3-dimensional reconstruction image of a representative case, shows a satisfactory amount of mineralized bone tissue.](isd-50-93-g003){#F3}

![Micro-computed tomographic 3-dimensional reconstruction of the same case as [Figure 3](#F3){ref-type="fig"}, shows pores and trabecular bone tissue.](isd-50-93-g004){#F4}

###### Descriptive data showing mean linear measurements obtained with cone-beam computed tomography (CBCT) and magnetic resonance imaging (MRI), as well as mean morphometric measurements obtained via micro-computerized tomography (unit: mm)
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